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lt w as repo rtedthat a min o a cids, s u ch a sargm ln e, gluta m ate, lysine, histid ine a nd
omith ine, participate inthe acidresista n c e(A R)of Escherichia c oli, a nd it w a s als o
proposedthat a min e spr odu c ed B
･
o m a min o a cids ha v e an e s se rltialr ole inthe a cid
r esita nc e･ In this study, the r ole ofc arbo ndio xide w asa nalyzed inthe e xpr e s sio n of
the c ad ope r o n a nd a cid r e sista n ce ofEsche richia c oZi, The follo w ing r e s ults w er e
obtain ed inthis study: (i) Whe n c a rbo ndio xide w as s upplied at both the a cid
adaptatio n a nd challe nge stage s, the a cidr e sita n c e of Escherichia c oliin cr e a s ed m o r e
than that m e as u r ed u nder othe r co nditio n s, a ndthe c arbo ndioxide s upply w as m o r e
signific a nt at the adaptatio ntha n chale nge stage･(ii)T he e xpr es sio n ofthe cadQPe r O n
w as r edu c ed by c arbo ndio xide at a cidic pH. (ii) Respir atio n s uppr e ss ed o nthe
e xpr e s sio n ofthe c ad oper o n at a cidic pH. (iv) Global r egulator sIH Fand H U
po sitively r egulated the e xpr e s sio n ofthe c ad opero n. (v) G lu c o s eincre as ed the
e xpr e s sio n ofthe c ad oper o n u nde rboth a er obic and a n a e r obic gr o wth c o nditio n s at
a cidic pH. (vi)A high le v el ofthe expr e s sio n ofthe cadope r o nin c rp m uta I止 str ain
w a s s up pr e ss ed byglu c o s e. Ba s edo nthes e r e s ults, c arbo ndioxide w a sfo u ndto ableto
pr ote ct c ells against cellde athu nder a cidic c o nditio n sinEs cherichia c oli. A ls o, IH F
a ndH Uw a s sho w ntoplaya nindispe n s able r oleforthe s u r viv alu nde r e xtr e m e a cidic
co ndito n via regulatio n ofthe expre s sionin amino acidde carbo xyla s es fun ctio n lng at
●
a cidicpH inEscherichia coli.
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To infe ct a nim als a nd c aus edis e a se
,
itisimpo rtarlt thatba cte ria ov er c opl e aCidic
str es sto su Ⅳiv ein the gastric sto m a ch, but this m e cha nis m ha s n ot yet be e n
co mpletelyclarified･ En viron m e ntalpH is a nimporta ntfa cto rfo rba cterialgrowth a nd
s u r vi al
,
butba cterial habitats en c ompas s a wide r ange ofpH 舟o m1to ll(4 7). The
othe r e n viron m e ntal fa cto r s s u ch as te mper atur e arid m ltrie nt le v el aWe ct
e nter oba cteriala cid s e n sitivity. Ho wdo ba cteria o v er co m ev ario u s str e ss e sto s u r viv e
ina cidic and alkaline e n vir o n m e nts? EI COlie xhibits a min oa cidde c a rbo xylas e syte m s
includ ing o r nithin e, lysin e, gluta m ate a nd argln ln ede c arbo xylase s to o v erc o m e
e xtr e m ely a cidic c o ndit o n s(5 9). In partic ular, Glut am ate, lysin e and arginin e
de c arbo xyla s e sindu c e a cidr e sista n c e of E. c oliunder e xtre m ely acidic c onditio n s(12).
Tw ophysiologic al r ole s ofthe s ede c arbo xylas e sha v ebee nproposed. On eis that
a mine spr odu c edbythe s e e n zym e sin cr e as eth e xtern ala nd /o rinte r n alpH(59), and
the otheristhat the otherproductC O2ha sparticipated ino v e rc o m e a cidic c o ndit o n s
(58,60).
Lysine de ca rbo xyla s e, e n c oded withits pr odu ct tr an spo rte rinthe ope r on c ad B A,
w as e xpr e s s edu nde r c o ndito n s oflo w e xter n alpH, a n a er obi sis a ndthe pr e s e n c e of
e x c e s slysin e. Lysine is de c arbo xyla s ed to pr odu ct c ada v erine a nd C O2. T he
m e cha nis m ofthe cad oper o n expre s sion w as an lyz ed 丘o mpr e vious上epo rts(3, 45,
60). The c ad oper o n c o n sisting of lysin e de c arbo xyla s e(c adA) a nd
'
the
lysin e- c ada v erin etr an spo rte r(c adB) whos e e xpr e s sio nis r egulated byits r egulator
(cad C)plays a r ole inba cterial adaptatio nto a cidic c o ndit o n s･ T he c ad ope r o n
e xpr e ssio nis appar e ntlyr egulated byc omple x m e chamis m s;the e xpr e s sio nisindu c ed
u nde r a n a er obicgr o wthc o ndito n s at acidicpH inthepre s e n c e ofe x c e s slysin e(4 1,42,
44). O bsc urity ofthe m e cha nis m s e e m sto be du eto m ainlythat the dir e ct fa cto r
aqe cting o nthe regulatio nre m ains u n cle ar･ An ae robiosis a ndpH affe ct o n n u m er o u s
m etaboliepathw ays.
In order to a nalyz e furtherthe m e cha nis m ofthe c ad ope r o n e xpr e ssio n, w e als o
in v e stigate ho w global r egulator s(Lrp, RpoS, C R P, H - N S, IH Fa nd H U)indu c ethe
e xpr e s sio n ofthe cad oper on .
In the pre se nt study, to inv e stigate a r ole in which c arbo ndio xide indu c e s a cid
r esita n c e of Es che richia c oli
,
we a n alysisthisindu c e m e cha nis m &o mthre epohts
(Fig. 1), Firstly, whether
■
c arbo ndio xide in du c e s a cidr esista n c e of Es che,ichia coli?
Se c o ndly, the m e cha nis m ofthe expr e ssio n ofthe cad oper o n w as a n alyz ed in chapter
2･ Fin ally,ho wtheglobalregulato rs reguhtethe expr e ssio n ofthe c adope r o n?
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Vario u slin e s ofrepo rtshave de m o n str atedthatfo ur systems oxidativ e, glut am ate,
a rgin in e and lysin ear einvolv ed inthe a cidr esista n c e(A R)m e chanis m, a nd n u m e r o u s
ge n e s als o r elatetothe a cidr e sista n c e m e cha nis m(6,7, 12,3 3, 50, 51). It wa s r epo rted
thata min o a cids
,
s u ch as argln ln e, gluta m ate,lys ln e, histidin e a nd omithine, participate
● ●
inthe acidr esita n c eofEsche richia c oli(22,24, 39, 40), anditw as als opr opo s edthat
a mine spr oduced 丘o m a mino a cidsha v e a n e ss erltialr oe inthe acidre sista n c e(6,3 9,
40
,
55)･ Thegluta mate-depende nt system w asthepredom ina nt acidr e sista n c e syte m
in statio nary-pha s e cells(6)I It w as s ugge stedthat the arginin e- a ndlysin e-depe nderlt
syste m s w er ein duc ed m o re str o nglyinc ellsgr o w nina n ae r obic m edium at a cidicpH
tha n a n a er obic-gr o w n c ells(12)･ T he globalr egulato rRpoS-depende nt a cidr e sista n c e
syste m w as sho w ntobepr e s e nt at stationary pha s ein Es che richia c olia ndSalm o n ella
e nte ric a s e r o v arTyphim u riu m(7, 12, 28).
Whe n Es che richia c oliw a s adapted at pH 5.5, s u ch adapted c ells w er e m o r e
r e sista nt to a cid and the adaptatio ntr e atm erlt W as S ugge sted to c a u s etran sierlt
syr[the sis ofs o m ekey a cidsho ckpr oteins again st e xtr e m e a cidic pH(17, 18). The
c o rr m o nfe atu re ofa mino a cid de c a rbo xyla s e sis de c arbo xyla s edto pr oduct c arbo n
dio xide in Es che richia c oli
,
a nda min o a cids
, glu atm ate, argln l n e a nd lysineindu c ethe
a cidre sista n c e. T hu s
,
w e e xpe ctedthatc arbo ndio xidepo s siblyinduc edムcidr e sita n c e
in Es che richia c oli.
In flr St Chapte r, to inv e stigate whether c arbon dioxide affe ctsthe a cidr e sitaヮc eOf
Es cherichia c oli. Carbo n dio xide w a s supplied to the E G min im al m ediu m at
adaptatio nperiods or challe ngeperiods, w efoundthat carbo ndio xidegr e atlyincre ased
the a cid r e sista n c e of Esche richia colia nd the effe ct w as m o re slgnific ant at the
adaptatio ntha n the challe nge stage. This study pr o vide s usefulinform atio nfo r
res e ar ch intobacte rialpathoge n e si , fer m e ntatio n a nd fo odpr e se rva:tio n･
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E We ct ofc a rbo ndio xide o m l払eA Ro甘E. c ols.
To inv e stigate whether c arbo ndio xide(C O2)indu c e sthe A Rof E. coli. C ol W as
supplied in the minim al m edia u nder v ario u s c o nditio n s a ndthe su r vival r ate w as
m e a su red･ W he n C O2 W a s S upplied at the adaptatio n stage, the s u r viv al r ate w as
in c r e as ed(Fig･ 2)･ It w as show n that the AR syste m s w ere als o in du c ed u nder
ana er obio sis(12, 13)･ Ho w ev er, the ef3e ct of C O2 W a s u nlikely du eto an a er obio sis
be c a u s ethe s u r vivalrate w a sfo u rfoldhighertha nthat with N2 S upply(Fig. 4). The
m ediu mpH w asde cr e a s ed ls stha nO･2pH unitsdu ring adaptatio nin a nE Gm ediu m
ofpH 5･5 u nde r allc o nditio n s u s ed, m akingitu nlikelythat the effe ct ofC O2 W asdu e
to the de c re a s ein m ediu m pH du ring adaptatio n stage･ Whe nC O2 W a s S uppliedat the
a cid chale nge stage, the sur viv al rate s w e re slightly highertha nthat with the N2
s upply in both c ells adapted with C O2 a nd N2 Supply(Fig. 4). Fro m the s e r e s ults, it
w a s cle arthat the adaptatio nstageis m oreimpo rtarltfo r a cqu lrl ngC O2-depe ndent the
▲ ●
A R.
It w as r eportedthatgluta m atepr ote ctedcells again stacidic envir o n me nts(1,7). The
s u rvivalr ate e nha n c ed bythe additio n of 丘v e mM gluta m ate and lysine w er elo w er
tha nthat with C O2 S upply u nder our c o ndit ons(Fig. 2). T he addition ofgluta m ate
had n o s ignific a nt effect o nthe gro wth atpH 5.5 adaptatio npe riods fo rfo u r
ho urs(Fig. 3)a nd n ogr o wth▲w a s observ ed atpH 2･5･ Ho w ev er, the su r v阜v年I
rateishigh with C O2 S upplythan with gluta m ate a nd lysin e･
Ne xt
,
cels gr ow n at pH 7.5 w er e challe nged in E G m ediu m at pH 2.5 witho ut
adaptatio n atpH 5.5. T he s urviv alrate ofthe no n
- adaptedc ells inc re a s ed agai n Whe n
the a cidchalle nge w asperfo r m ed withthe C O2 S upply(Fig･ 4)･ Whe n statio n ary-pha s e
cells w ere directly adapted atpH 5･5 a nd challe nged in E Gm ediu m ofpH 2･5 with
C O2 S upply,the s u rviv alr ate w a sO･03 0土 0･015% ･
To further conflr mthatC O2 in ducedthe A RofE. c oli, the AR w as challengedfo r
v ario u stim e periods･ The s u r vi alr ate ofcells adapted withthe C O2 S upplyde cr e a s ed
to21 %a鮎 rthe a cidchallengefortw oh,but afurthe rde cr e as einthe s u r vi alr ate w a s
slighta丑erthe a cidchalle nge forthr e eh(Table. 3). T he r ate s obser v ed withthe C O2
s upply w er e appr oxim ately 2･5 fold higherthan tho se with the N2 S upply at a ny
challengetim ete sted(Table･ 3)･ The cha nge sin m ediu m pH du ringthe a cidchalle nge
forthr e eh w e relesstha n0.2pH u nits inbothc a se s. T he s e r e s ults s ugge stedthatC O2
w a s abletoprote ctc ells against cell death u nder a cidic c o nditio n sin E. coli.
A m ine s a ndC O2 ar eProdu c ed &o mthe se a min o a cidsby a spe cific de c arboxyla s e
fun ction u nder e xtr e me a cidic c ondit o n s. Ho w ever
,
the pr e s e nt study ha s str o ngly
sugge sted that C O2 r athertha n a mine sindu c e sthe A Rof E. c oli. Thu s, a n ovel
m echamis m w a spr opo s ed, in which C ol-depe ndent syste m rathertha n a mine m ay
in du c etheA Rof E. c oli.
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Cells cultu red atpH 7･5 w erein o culated intothe adaptation m ediu m atpH5･5 u nde r
va rio us c o ndito n sfo r4 h
,
and w ere challenged atpH2.5 for1 hasde s cribed in
Mate rials and Methods･ Symbols
'
:bla ck bars, no addito n;graybars, C O2 W a s S upplied;I
ope nbars, N2 W a s S upplied;pointed bars,5 m M gluta m ate w a sadded;hatched bar s,5
m M lysl n e W as added.
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Effe ct ofa min o a cids o n e xpre s sio n ofthe c adope r o n
Effe ct ofre spira土ion o nthe expres sio n ofthe cad ope r o n
Effect ofm ediu mpH a nd C O2 0 n e xpre ssio n ofthe c ad oper o n
Effe ctofm ediu mpH a nd C O20 n e xpr e s sio n ofthe c ad ope r o nin mR N A le v el
Effe ct ofglu c o s e o n e xpr e s sio n ofthe c adoper o n
13
‡馳せTOd弧C鶴¢弧
Lysine de c arbo xyla s e, o n e ofthe syste m s of amino acid de c arbo xylatio nha sbe e n
r eportedto indu c ethe r e sitant to e xtl
･
e m e a Cidic e n vironm ents re c eIItly･ The c adoper o n
c o nsisting of lysin ede c arbo xyla s e(c adA) andthe lysin e- cadaverin etr an spo rter(cadβ)
who s ee xpr e ssio nis r egulatedbyitsr egulato r(c adC)plays a r ole in bacte rialadapt由:io nto
acidic c o ndit o n s･ T he c ad ope r o n e xpr es sio nis regulated by c o mple x m e cha nis m s;the
e xpr e s sionisindu c edu nder c o nditio n s oflo wpH, a n ae r obisis andthepr es e n c e ofe x c ess
lysin e(41,42, 44). Theglobalregulato rH- N Sals o affe ctedthe e xpr es sio n atpH 8.0(54).
The r egulatory m e cha nis mfo r c ad ope r o nindu ctio nis stilluncle ar. Itha sbe e npr opo s ed
that thephysiologic alrole ofthe amin o a cid de ca rboxyla sesisto inc re a se u r oundip.g pH
u nde r a cidic c o nditio n sbythe c o n v er sio n ofamin o a cidsto amin e s,bas edo nthefa ct that
the s e e nzym e s a r epr odu c ed at a cidicpH(59). Why w a stheirge n e e xpre s sio nindu c edata
high le v el u nder an a e r obio sis? The c adoper o n e xpr es sio n w a s rep s s ed bybic arbo n ate
and o v er e xpr e s sio n ofo r nithinede c a rbo xylas e withn o slgniflC a nt Change inexte rn alpH
(60). Thus, an otherpr opo s al w ould be that amin o a cid dec arbo xyla s e s s upply c arbo n
dio xide whe nitsirlte r n alle v el w aslow er ed unde r air-li mitngc onditio n s a土 alo wpH. The
T C Acycleis a m ajo rPathw ay for pr oducingc arbon dio xide, whichis c o upled withthe
r e spir ato ry chain(52), s ugge stingthat the metabolic pr odu ctio n ofc arbo ndio xide is
r educ edunde r a na er obicgr o wthc o nd 証io n s.
To e x a m血etheinductio n m e cha nis m u nder a n a e r obio sis, ahe m e-deficie nt m utarlt血ay
be u s eful. An E. c oli m utant deflCie nt inhe mA gre wina minim al m edium containing
amin o a cids a nd glu c o s e(21). No So retband w asdetected inthe rn uta rlt･ Whe nA L A
(8- aminole vulinic acid)w as added, the mutantgr e w witho utgluc o s e a ndthe Soretband
w as obs e r v ed(21). The s edataha v ebe e n sugge stedtha土 E･ c oliw a s able to gr o w ev n
whe n re spir atio n w a s n ot ope r ativ e･
pr e vio u s
,
w e r epo rted that C O2' a Pr oduct of amin o acid de c a rbo xylatio n, gre atly
14
in c re a s edthe A Rof E･ coli andthe C O2 effe ct w as m o re slgnific ant at the adaptatio nthan
the challe nge stage, He r e, w e als ofo u ndthatthe e xpr ession ofthe c ad oper o n of a
he m e-deficient m utant w ashighertha nthat ofthe wildtype u nder a er obic c o nditio n s at
acidicpH . In additon,the e xpr e ssio n ofthe c adope r o n wa sdecre as edby c arbo ndio xide
u nder a n a e r obic c o nditio n s･It w a s als odem o n str atedthat ahighle v elofglu c o s einc re a s ed
the e xpr es sio n ofthe cad oper o n u nde rboth a er obic a nd a n a er obic gr o wthc o nditio n s at
a cidicpH,butNaCla ndKCldidn ot. T he s e r e s ults s ugge stedthatala ckofc arbo ndio xide
(or c arbo n ate)indu c e sthe c ad oper o n e xpr e s sio n u nde r a n a e r obic conditio n s at a cidicpH
inthepr e se ntglu c o s e.
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E 馳ctofa mino acids o n e xpressio n of 地e c ad ope r o n
It w a sreportedthatlysin ede c arbo xylas ele v els w e rein cr e as edbythepr es e n c e ofthe
amino a cids atlo w pH under a n aer obic c o ndition s(22), andthe e飴 ct oftrypto n e and
lysine o nthe e xpr es sion ofthe cad oper o n w a s e x a mined. Trypto n e c o n sist prlm血ily of
trypticpeptide s and 7･7 %(wt/wt)ca rbohydr ate s, prim arilyla cto s e(66). To as c ertainthis
aue ct
,
the str ain MT l1w as c ult r ed with and witho utl% trypto n e,theβ-gala cto sida s e
a ctivity w a s m e a sur ed u nder v ario u s c o nditio n s. As sho wnin Fig. 5, whe nl% trypto n e
w a s addedtothe m ediu m
,
theP-gala cto sida s e activity ofthe M T llstr ainpo ss e s sing a
c adB::la cZ fusio nge n e w a sin c re as ed u nder allgrowthco nditon s. Further m o r e, 2 0m M
lysin ein cr e a s edthe e xpr essio n. Ba s ed o nthes e r es ult , E. c olistr ains w er e c ultu r ed in
m edia c o rltain ing l %trypto n e and 20m M lysine inthe pr e s e nt Study. Cells w er e
ha r v e sted at an abs o rba n c e･of0.2 andthe P-gala cto sida s e a ctivity w a s as s ayed inal
e xperim e nts.
S inc ethe gr o wth of str ain M T llr equired amino a cids u nde r s upply C O2, the
P- gala cto sidas e a ctivity w as n't m e a s u r ed unde r s upply C O2 inthe abs e n c e ofa min o a cid.
Ou r r e s ult sho wnthat the e xpr e ssio n ofthe c adope r o nw as inc re as ed bythe addito n of
amin o a cids u nder v a rio u s c o nditio n s. Itispo s siblethat amino a cids w er e
-impo rta ntin
m aintainingtheintr a c elularbic arbo n ate c o n c e rltr atio n･
E ffe ct ofre spir atio n o nthe e xpr e s sio n ofthc cad ope r o n
He m e syrlthe sis ofba cteriahastw opathw ays･ In E･ coli, he m e synthe sisis o nlyfo r m ed
inthr e e steps &om the flV e-C arbo n skeleto n ofglut am ate(C5Pathw ay)(Fig･ 7) (38)･ We
utiliz edthe m e cha nis m ofhe m e synthe sispathw ayto c o n struct ahe mA m utaJItC O ntain ing
c adB-la cZ fusio n(Fig. 8), andto m e asur etheP-gala cto sida se a ctivity of he mA m uta nt
16
str ainwithor witho ut added A L A･ AhemA deflCie nt m utarltH R l1w asgr own inm ediu m
c o ntain ing gluc o se witha nd witho ut shaking atpⅠ寸 v alu es of5.5 and7.5, a s w ellasits
par ent str ain MTll･ Gr o wth of H R llw as v e ry slo w witho utglu c o sein standingc ultu r e
(Fig. 8). Gr o wth ofthis m utant w a s ag in slo w u nde r a e r obic c o ndito n s, but w as
r e c ove redbythe additio n ofA L A･ The he mA deficie nt mutantr equir edtrypto n eforits
gr o wth eve nifsuffic e nt oxyge n w as s upplied. The s e res ults w e rein agr e e m e血 withthe
pr e viousdata obtain ed withahe mAdeficie nt m uta nt(21).
AIs o
,β- gala cto sida se a ctivitie s ofthe M Tl1str ain po ss e ssing a c ad B::la cZ fusio nge n e
and its hem e-deficient m utant
,
H R ll
,
w er e m e a s ured umder v a rio u s c o ndito n s. T he
e xpr e s sio n oftheRISio nge n eincr e a sedatlo wpH witha nd witho utshak ingin both M T ll
and H R ll(Fig. 9 A). The c ol Supply de cr e a s edthe expr e s sio ninboth strains c ultur ed
witho ut shaking at pH 5.5(Fig. 9 A). The expr e ssio n ofthe fusio nge n einH Rll w a s
higherthanthatinM Tl1u nde r a er obicgr o wth c o nditio n s atbothpH 5.5 a nd7.5(Fig.9).
The s e r e s ults s uggest that the deflCie nt inr e spir atio nindu c ethe c ad oper o n expr e s sio n
e v e nifo xyge n lSPr e s e nt.
E ffe ctofm ediu mpH a nd C OB0 n e xpr e ssio n of the c ad ope r on
It w aspr opo s edthat the c adope r o n w as e xpr es s edto supply c a rbo ndio xide whe nits
inter nal le v el islo we red u nder an a er obic c o nditio n s at alo wpH(60). Fr o血 o u rpr e s erlt
r esults(Fig. 6 and 8), the e xpr e s sio n ofthe c adoper o ninstrain M T lland H R llvVa畠
in cr e as ed u nde r an ae r obic c o nditio n s at a cidic pH, in c o Ⅱtr ast, its expres sion w a s
s uppr e s s edbythe C O2S upplyu nder acidic c onditio n s(Fig6a nd9)･ Thu s, w e suggest that
the c ad ope r o n w a s sho wn to plays a nimportant r ole to s upply C O2 under a cidic
c o nditio n s.
Effe ctofm editl mPH a nd C ol 0n C Xpre S Sio n ofthe c ad ope r o nin mR NAle v e且
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R T- P C Ranalysis sho wedthe s a m e eu ct ofm ediu mpH a nd C O2 0 nthe e xpr essio n of
the cad ope r o n(Fig･ 10)･ For qu antitativ eRT-P C Ran alysis, the P C Rpr odu cts obtained
withthe atp operon prl mer S W er e m e a sured, a ndthe a m o urltS OfmR N Athatprodu c edthe
s am e a m o u nt ofthe P C Rpr oduct ofthe atp oper on a sthat sho w nin Fig･ 4, lan eI we re
●
u s edfo rR T-P C Rwiththe cadprl m e rSI The e xpr essio n ofthe atp oper o nistho ughttobe
c o n stitutiv einE. c oli.
He m e w as synthe siz edin H Rll inthe pr e s e n c e ofA L A, bec a u s eh mA(H R ll) w a s
deficie nt at A L Asyrlthe sis. In fa ct, H R llgr e w wi土ho utglu c o seinthe pr es e n c e ofA L A
u nde r a erobic gr o wthc o ndit o n s(data n ot sho w n), s ugge stingthatthe r espir ato ry chain
ope rated in this m uta nt inthe pre s e n c e of A L A. Inte r estingly, the e xpr e ssio n w as
de c r e a s ed in H R l1 bythe addito n ofA L Au nder a er obicgr o wthc o nditio n s atbothpH 5.5
and 7.5
,
while n ode c r e a s e w as obs e r v ed whe nC ol W a s S uPPlied ina stand ing cultur e
(Fig. 9). T he s e r es ults s ugge st thatr e spirato ry a ctivity affe ctsthe c adoper o n e xpressio n,
but oxyge nitselfis n ot adir e ctr egulato r. Ou r r e s ults w e r einagre e m e nt withthepr e vious
datathat a re sphatoryinhibitor suppre s s edthe c adAe xpr e ssio n u nde r a er obic c o nditio ns
(52). The e xpr e s sio nde c r e as ed inHRllina standingc ultu re atpH 5･5inthepr e s e n c e of
A L A(Fig. 9 A), altho ughthe re a s o n r e m ains un cle ar･
E ffc c七ofgltLC O S e O n e XPrC SSio n of the c ad ope r o n
T he c ad oper o n e xpr e ssio n w as lo
l
w inboth M Tlland H R llgr o wn witho ut the
I
additio n ofglu c o s e u nder a erobic c o nditio r u(Fig･ 6 and 9). Whe nO･5 Mglu c o s e w a s
added
,
the e xpr es sio n ofthe c adB::la cZ fusio ngen eofM T ll in c re a sedatpH 5･5 inboth
shaking andstand ing c ultu r e s(Fig. 16 A). Ho w e v e r, su ch an inc r e a se w as n otfo u nd inthe
pr e s e n c e ofO.3 M NaClo rK Clatthe a cidic c o ndito n s･ The addito n ofglu c o se, NaCland
K Cl de cr e a s edthe cad oper o n e xpr e s sio ninalkalin e e n vir o r m e nts(Fig･ 16 B)･ Itislikely
that glu c os eindu c ethe e xpre s sio n ofthe c ad oper o n r elat to fer me rltatio n r atherthan
18
o s m otic r egⅥ･1a土ion.
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Fig･ 5･ Effe ctofa mim o a cido n地e expres sio n ofthe cadoperon ･
E. c oliM Tl1w a sgr o wn witha ndwitho utshakingin m edium M655(pH5･5)
andM67 5(pH7.5)c o ntainingglu c o s e(l %)･ ♂-gala cto sida s e a ctivityw as
a s s ayedinduplic atein atle a stfo u rindepe nde nte xperim e nts, a nd is e xpre ss ed in
Millerunits. Ea chpointr epr e s e nts m e an土S D･Symbols:bla ckbar s,lysin e(20
m M) andtrypto n e(1%)w e r e added;hatched bars,typto n e w as added; giaybar s,
lysin e w a s added;ope nba r s, n eitherlysin e n o rtypto n e w a s added;#, a ctivities
le sstha n14 Miller u nits.
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Fig･ 6･ E ffe ctof m ediⅦ m p‡壬and C ol 0 nthe expr es sion of 伽 c ad
Ope r O n･
E. c oliM T11w a sgr o w nwith20 m M lysin e a ndl%trypto n e wi
thshaking(black
bar s), witho utshaking(graybar s)and withoutshaking withtheC O2Supply(ope n
ba rs)in m ediu m M 655(pH 5.5, A)a nd M 675(pH 715, B)･ ♂-gala cto sidas ea ctivity
w a s a s s ayed induplic atein atleastfo u rindepe nde nte xperim e nts, and
is e xpr e s s ed
in Miller u nits･ Ea chpointr epr e s e nts m e a nj=S･D･
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Fig･ 8･ GT O Wth c Ⅶr v es of E･ c ols M T l la nd H Rll･
E. c oli M Tlla nd H Rl1 w er egr o w n a er obic ally(A)a ndu nde r02-limiting
c o ndito ns(B)in m edihm M 655(pH 5･5)a nd M 675(pH 7･5)I M TlI(･)and
H Rl1(o, A ,A a ndx)w e r egr o w n withlysin einthe abs e n c e o rpr e se n c e ofglu c o s e
(1%)and A L A(80pg/ml). ｡ a nd o,glu c o s e w a s added; A ,glu c o s e a nd A LA w er e
ad ded;A , A L Aw a s added;x , n eithetALA n o rglu c o s e w a s added･
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Fig･ 9･ E ffe ctof m ediⅦ m pH a nd C ol 0 n 伽 e xpre ssio n ofthe c ad
OPe rO n･
E. c oliM Tll
'
(he mA十;bla ck ba rs)a nd H 氏l1(he mA
-
;othe rbar s)w e r egro wn with
lysin e(20m M)withshaking, witho utshakinga ndwithoutshaking withtheC O2
s upplyin m ediu m M 655(pH 5･5, A)and M 675(pH 7･5,B)co ntainingl%trypto n e･
The 6 -galacto sidas e a ctivity w a s a s sayed in duplicatein atle astfo u rindepe nde nt
e xperim e nts, aJld is e xpre ss ed in Miller units･ Ea chpointr epr ese nts m e a n
j=S･D･
symbols:bla ck and hatched bar s, glu c o s e(1 %)w a s added;gr aybars,glu c o s e a nd
ÅLA(80pg/ml)w er e added;ope nba rs, A L Aw a sadded･
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Pop6810(c adB＋he mJd＋) ME 8366(c adB十he mAう
1 2 3 4 5 6 7 S
standingshaking shakingstanding c o2
Shaking standing C O2
1343 bp ～
704 bp ＋
( c ad B
～ atp
Fig･ 10･ R 甘IP C Ra n alysis to c o nrlr m the c ad ge n e e xpressio nin
pop6 $10(c adB'he mA') a nd ME 83 66(c ad B
'he mA
-
)str ain s ti nde r
v a rio Ⅶsgr o wthc o nditio n s･
R T-PCR w a sperfTo rm ed with m m Ate mplate sis olated fr o mE･ c olipop6 810
and M E8366, grow n withshaking, without shaking and witho utshaking withthe
C O
2
S uP Plyin m ediu m M 655(pH 5･5,lane 1, 2,4, 5,6,7, 8)and M 675(pH 7･5,
la n e3)containinglysin e(20 m M)andtrypto n e(1 %)I W he nc ells w er eha rv e sted
at the abs orba n c e of 0.2, the le v el of m N A w as measu red a sde s cribed in
Materials and m ethods. The a m o unt of R NA whichprodu c edthe s a m e a m o u nt of
thePCRpr odu ctofatpge n ew ere u s ed fo rRT
-P C Ranalysis ofthe c adope r o n･
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Fig･ 11･ EffectofgltL CO S eO n 伽 e xpr e s sion ofthe cadope r o n･
E. coliMTl1w a sgr o w n witha ndwithoutshakingin m ediu m M655bH 5･5, A)
and M 675(pH 7.5,B)co r[taininglysin e(20m M)withoutglu c o s e･ T he β -
gala cto sidase a ctivity w a s a ss ayed induplic atein atle astfo u rindepe nde nt
e xperim ents, and is e xpr e s s ed in Miller units･ Ea chpointr epr es e nts m e an
土S･D ･
symbols :bla ck ba rs, n o ad diton;gr aybar s,0･3 M K Cl;pointed bar s,0･3 M NaCl,
hatched ba rs, 0･5 M s u c r o s e;ope nbar s,O15 Mgluc os e;#, a ctivitie sle s stha n25
Miller u nits.
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Effe ct ofIH Fon expres sio n ofthe c ad ope r o n
Effe ct of H Uon e xpre ssion ofthe c ad ope r o n
EWect of doubledeficie n cyinIH Fa ndHU o n e xpre s sio n ofthe c ad ope r o n
Effe ct oftheglobalr egulator sH INSon e xpr e sion ofthe c ad oper o n
Effe ct oftheglobalr egulato rsLrp, RpoS and C R Po n e xpre s sio n ofthe c ad oper o n
Effe ct ofglu c o s e o n e xpr e s sio n ofthe c adope r o nincrp m uta ntstr ain
27
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Global r egulato rs r egulate po sitively o r n egativ ely e xpr e ssio n of n um e r o u sge n es
in cludingthe c ad ope ro nin E c oli･ ”- NS, a histone-like pr otein which reguhtedthe
expre s sio n ofthe c adopr e o n atpH 8･O u nde r an a er obic gr o wth c o nditio n s(54). Lrpis a
m ajo rE･ c oliregulatorypr otein, whichn egatively a ndpo sitiv elyr egulates e xpr es sio n of
s o m eoper o n s(ll,16, 29)･It w aspr opo s edthat the8s ubu nitofR N Apolym er a s e(RopS)
is a m aster regulator ofthe ge n e sfo r stre ss r espon s einE. c oli(48, 61). The CA M P
r e c eptorpr otein(C RP)is atr an s criptio nfa ctorkn o w nto reguhte m a ny ge n e sinE. c oli(4,
6)AIt w as r epo rtedpr e cio u slythat c rp regulatedthe e xpr es sio n ofthe c ad opr e o n u nde r
aer obic c o nditio ns(2), but the pH c o ndit o n sforthis r egtlhtio nha v e n otde m o n str ated
yet･
IH F
,
a histo n e-like D N A-binding pr otein which functio ns as aheterodim er ofthe
proteins e nc odedbyhimA andhip(himD), in nu en c e sthetr an s criptio n ofs ev e r algenes in
bothpo sitiv e andn egative w aysin E. c oli(14,2 0). Ithasbe e n r epo rtedthtboth ofIH F
andH - NS indu c edthe e xpr e s sio n ofadiA(arginin edec a rboxyla segen e)at a cidicpH(53).
The HU pr oteinisa nother abu ndarlthisto n e･1ikepr otein and functio n s a s aheter odim er of
tw ohighlyho m ologous subu niis, H Ua a nd H UG, e n c oded bythe hupA and hupB ge n e s,
re c eptiv ely(14).
Carbondio xide gr e atlyin cr e as edthe A RofE. c oli丘o m chapter1, andthe e軸r e ssio n
ofthe c adope r o nw a sredu c ed bycarbo ndio xide at acidicpH &o m chapter2･ In o rderto
furthe r u nder standthe m e cha nis甲 Ofthe c adoper o n e xpr es sion, we inv e stigateho wthe se
globalr egulato rsindu c ethe e xpre ssio nofthe c adoper o n･
Fr o mthird chapte r, o u r re s ults show ed that IH Fand H Upo sitiv ely r eguhtedthe
e xpr e s sio n ofthe c ad oper o nin E･ c oliunder v ario u s c o ndito n s, a ndIHF and H Uc a n
c o mpe n s ateto r egulatethe e xpr e ssio n ofthe c adoper o n･In c o ntr ast, Lrp, RpoS and C
RP
induc ed the e xpr e ssio n only u nder alkaline a e r obic enviro n m e nts･ Ho w e v e r, a
c rp
28
m utatio nin c r e asedthe c ad opero n e xpr e ssio ninthe abs e n c e ofglu c o se at acidicpH,but
thisindu ctio n w as n
'
tfo u ndinlrp and rpoS m uta nt.
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E 恥ct ofI M Fo n e xpre s sio n o甘the c ad ope r o n･
To study ho w globalr egulato r m F influ e n c ed the e xpr e ssio n ofthe cad oper o n,
himA a nd him D m uta nts w e re co n stru cted a ndtheP- gala cto sida se a ctivity ofthe s e
m utatio ns w as m e a sur ed u nder a cidic a nd alkalin e e nvir o n m e nts. The m utatio n of
eithe rhimA o rhimD ledto a r edu ctio ninP-gala cto sidase activity ofthe c adoper o n.
Espe cially, the m utatio n ofthehimD de c r e a s edP-galacto sida s eactivitydr a m atic ally at
pH 5.5(Fig. 12 A), a nd n osignifi c ant e xpr es sio n w a s obs er v ed at alkaline pH(Fig.
12 B)･ In c o ntr ast, the dimin utio n w aslo win the himA m utatio n, e spe cially und?r
a n a e r obicgr o wthc o ndito n s.
It w as sho w nthat the c ad oper o n e xpre ssio n w a s r ep s sed by the additio n of
c a rbo n ate(60). Whe n CO2 gas W a s S upplied, the e軍pr e S Sio n ofthe c ad oper o n
de cr e as edata cidicpH(Fig. 12A). Inter e stingly,the e xpr e ssio ninthehimA m utarlt W a s
furtherde cr e a s ed bythe additio n of COL u nde rbotha cidic a nd a比aline pH ･ So, w e
s ugge st thatIH Findu c edire ctlythe e xpr e ssio n ofthe c ad ope r o ninE･ c oli･
E ffe ct of HU o n e xpr e ssio n ofthe c adopc r o n･
Todete r mineho wglobalr egulator HU indu c edthe e xpre s sio n ofthe c adbper o nin
E. c oli. A hupB m uta nt W a s n ext
I
c o n stru cted a ndP- gala cto sidase a ctivity w a s
m e a s u r ed at v ario u s co nditio n s with the re sult sho w lng that the e xpre ssion w a s
de c r e as ed u nder allc o nditio nstested(Fig. 13). The ef6e ct ofc ol 0 nthe e xpr e sionin
thehupB m uta nt w a s v e ry s malla s c o mpar ed withtht inthehimA m utarl
t(Fig･ 16)I
we s ugge st that H U indu c e sdire ctlythe e xpr e ssio nofthe c adoper o n
under v ario u s
c o ndito n s.
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監馳 ctof do ubledc鮎豆e n cy且n‡斑Fand H Uo m e xpre s sion og 蝕e c ad ope T O n･
It hasbe e n r epo rted that the histo n e-like pr otein sIH Fa nd H Uha v efun ctio n al
similarity a ndthat o n e compensate sfo rla ckofthe othe rin n o r m alc el gr o wth(65). To
inve stigate whetherthiskind ofc o mpe n s atio n s appe arthe e xpre s sio n ofc adope r o n, a
m uta nt deficie nt of both IH Fa nd H U w as c o n str u cted. The SL lllO(himA-hupB)
m utant str ain c a n
'
tgrowth atpH 5.5in YT(c o ntaining l% trypto ne a nd0.5 %yeast
e xtr a ct)m ediu m(Fig. 14 A), als othegr o wth ofS L l110(himA-hupB)m uta ntis slowly
atpH5.5 in minim al m ediu m(Fig. 14 B),ye a ste xtr actisthediffer e n c e ofYT m ediu m
and minim al m ediu m. So, ye a st e xtr a ct c a nin cr e a s ethe gr o vth of S LlllO
(himA-hupB)m uta nt･ But the gr o wth is n o r m al tpH 7･5, altho ugh,the gr owthr ate?
w er e n o r m al in eithe rIHF o rH Um utallt u ndervario u s c o nditio n s(data n ot kno wn).
Whe n100 m M K CIw a s addedto m ediu m,the gr o wthr ate ofthe himA-hupB m uta nt
(sL 1Ilo)w asin cr e a s ed(Fig. 15)a ndthe s a m egro vthr e c ove ry w as als o obser v ed in
thepr es e n c e of4% glu c o s e(data n otsho w n)･ Itislikelythathigho s m o sisis r equir ed
fo rgr o wthofthe m utarltdeficie nt ofIH Fa nd H U･ TheP-gala cto sidas e a ctivity ofthe
do uble muta nt w as n ot dete ctable u nde r allgr o wth c o nditio n ste sted, (Fig･ 16),
s ug ge stingthatIH Fa nd H Uc an c o mpen s ate fo rthela ck ofothe r, als o, IH Fa nd H U
c o ntributetothegr owthofE. c oli･
E 触ctoftheglobalr eguh to r s臥 N So n e xpr e s sio n ofthe c ad ope r o n･
To as c ertainwhethe rH- N S in du c e sthe e xpr es sio n ofthe c adoper o n atpH 8･Ou nder
a n a er obic c o ndit o n s. The str ain hn s m utad w as c o n structedby Pltr an sdu ction･ The
p-galacto sidas e a ctivity w a s m e as ur ed &o m Fig･ 17･ T his re s ult c oincided with
pr e vio u s r eport that H
- N Sindu c edthe expre s sio n ofc ad ope r o n atpH 8･O u nder
a n a e r obic c o nd祉io n s(Fig. 17 B).
3 1
取肋 c☆ o官 伽 glob汲且 r egⅦ 蜘 o r sL㌻P, RpoS a nd CR Yo m e xpr es sio n of 伽 c ad
OPe r O m･
To e x a mine whetherLrp, RpoS a ndC R Pindu c edthe e xpr es sio n ofcad oper o n･ lrp,
rpoS a nd c rp m utants w e r e c o n structedbyP ltr an sdu ctio n, ou rr e s ults w as sho w edthat
the deficie ntin lrp, rpoS a nd crp had no signiflCa nt eire ct o nthe♂-gala cto sidas e
activity atpH 5･5(Fig･ 18 A), whe r e asthe a ctivity w as v erylo winlrp, rpoS o r c;p
m utarTtS u nder a e r obic c ondit o n sbut n ot an a er obic c o ndito n s a土 alkalin epH(Fig.
18B)･ Sin c eLrpr equhe sle ucin e a s a n effe cterin s o m e c as e s, the c ad ope r o n
e xpr e s sio ninthelrp m uta nt w a ste sted witha nd witho ut50m Mle u cin ewiththe r e s ult
that the e xpr es sio n ofthelrp m uta nt w a s n otsignific a ntly affe cted bythe additio n of
le u cin e(data n ot sho w n).
E Wc ctofghc o s e o n e xpr e s sio n ofthe c ad ope r onin c rp m tlta mtStr ain･
Itis kn o w nthat the A M P- C R Pc o mple x r egulated po sitiv ely or n egativ ely the
tran s criptio n of m a ny ge n e s r elatedto sugar m etabolis m･ In this study, w e ex amin ed
whether c adope r o n r e spo ndingtothele v elofglu c o s eis via C R P･ Whe nl %glu c o s e
w a s addedto the minim al m ediu m , n o change inthe c ad oper o n e xpr e s sio n w a s
obse r v ed in the c rp m uta nt at pH 5･5･ Inter e stingly, the c rp m utant gr o wninthe
minim al m ediu m witho ut glu c o s e sho w ed about tw o-foldhigher a ctivity than wide
type str ainatpH 5.5 under a er obic c o ndit o n s(Fig･ 19A)･ Theβ-gala cto sidas e activity
w a s n ot m e as u r ed u nder a n a er obic gr o wth c o nditio n s, because c ells w e r eun ableto
gr ow u nder an a e r obic gr o佃hc o nditions inthe abs e n c e ofglu cos e･ In c o ntr a st, s u ch
in du ctio n w a sn ot obs er v edin the lrp a nd rpoS m uta nts(Fig･ 19B)･ Thu s, it w a s
s ug ge sted that c rp IS r equir ed fo r repre ssio n ofthe c ad oper o n
e xpr e s sio n inthe
absenc e of glu c o s e at cidic c o nditio n s, altho ughthe m e cha nis m u nderlying
this
r epr e s sionis n ot cle ar･
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Fig･ 12･ 鼠恥 ctof IHF o nthe e xpr ession ofthe c adope ro n･
E. c oliMTl1(black ba rs),SL l105(himA
-
,hatched bars)and SLl107(him D , ope n
bars)w e r egr ow n atpH 5.5(A)and7･5(B)asde s cribed in thelege ndof Fig･6･ The
♂ -galacto sida s e a ctivib, w as as s ayedinduplic atein atle a stfo u rindepe ndent
expe rim e nts, and is e xpr ess ed in M iller u nits･ Ea chpointr epr e s e nts m
e an土S･ D･ #
,
a ctivitie sle sstha n20 Miller u nits.
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Fig･ 13･ E ffe ctof 荘Vo nthe e xpressio n ofthe c adoper o n･
E. c oltMTl l(black ba rs)and SL1109(hupb, openbar s)w er egr o w n atpH 5･5(A)
and 7.5(B)asde s cribed inthelege ndof Fig･6･ T he 6 -gala cto sidas e a ctivity w as
as s ayed induplic atein atle a stfbu rindepe nderlte xpe rim e nts, a nd is e xpr e ss ed in
Millerunits･ Ea chpointr epr e s e山s m e a n土S･D･ #, a ctivitiesle s stha n20 M iller u nits
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Gr o w血 w as mo nito r ed by m e as u n ngthe abso rban c e ofthe m ediu m at
･ 600n m
symbols :@ a nd 0 , n o addito n; A,.K Cl(10 m M)w a s added･
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-
, gr ayba rs),SL1107(hupB
-
,
ope nba rs)
andSL1110(himA- -himD ,hatched bar s)w er egr o w n atpH 5･5(A)and7･5(B)as
de s cribedinthelege ndof Fig. 6. T he ♂-gala cto sidas eactivity w as as s ayedin
duplic atein atle a stfo u rindepe nde nte xpe rim e nts, a nd is e xpr e ss ed in Miller u nits
･
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E. c oliMTl1(black bar s), a nd SL111(hn s-, ope nbar s)w er egr o w n atpH5･5(A)
and7.5- 8.0(B)asdes c ribedinthelege ndofFig･ 6･ The ♂-gala cto sida s e activib'
w as a s s ayedinduplic atein atle a stfo u rindependente xperim e nts, and is e xpr e s s ed in
M iller u nits･ Ea chpointr epr e s e nts m e a n土S･D ･
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地e c adope r o n.
E. c oli M Tl1(wildtype,bla ck bar s),SLOO2(lrp-,gr ayba r s),S LOO3(rpoS- ,
hatched bar s)a nd SLOO4(crp- , open ba r s)w er egr o w n atpH 5･5(A) and 7･5(B)
co ntaining gluc os e(1 %)asde s cribed inthelege ndof Fig･ 6･ T he ♂ -gala cto sida s e
a ctivityw a s a s s ayedin duplic atein atle a stfou rindepe nde ntexpedm e nts, and is
e xpr e s sed in M iller u nits･Ea chpointrepr ese nts m e a n士 S･D･ #, a ctivitie sle s stha n
50 M iller u nits.
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Ba c紬 rialstr ain s andgr o w蝕 c o nditions
The str ain s u s ed inthis studya relisted in Tablel･ E･ c olistr ain w asgr o wn at3 7
o
C
with shaking(24 0rpm), witho ut shaking a nd with C O2 0 rN2 ga s. Acid r esita n c e
m edia w e r e minimalE G m ediu m c ontaining0.5 %gluc o s e(62). Y Tm ediu m c o ntained
O･5 % ye ast e xtra ct a nd l% trypto n e･ Whe n c ells w e regr o wn witho ut shaking
c o ndito n s
,
atightly c ap pedtubefilledwiththe m ediu m w a s u s ed. Whe nC O2 a ndN2
we r e supplied, the c ulturetube s w er e c o r m e cted witha rubbe rballo o n c o ntainingC O2
o rN2gaS･ T hepH v alu es ofallm edia w ere adjustedatpH 2.0, 5.5, 7.5 and8.0 with
HClor KOH･ Antibiotics w er e u s ed at the follo w ing C O n C erltr atio n s:kan amycln,
●
25pg/ml, tetra cycline, 10トIg/ml, chlo r a mphe nic ol, 20トIg/ml a nd hygr o mycin, 10
pg/ml. Gr o wthofE. c oliw a s m onitoredby m e as u ringthe abs o rba n c e ofthe m ediu m at
600 n m.
Ge n etic a nd m ole c ula rte chniqtlC S･
The c adB::la cZ fusio n s a nd various m utarltS W ere c o n stru cted withP l- m ediated
tr aJISdu ctio n(3 7). T he ge ne deletio n s of m uta nt str ains S L llO2, S L llO3, S L llO4,
SL llO5, SL llO7, S L llO9, SLlllO, SLlllla nd SLll12w er e che ckedby P C Rwi血
the oligo n u cle otidesprlm er S Sho w nin Table3･
A Ra s says
E. c olicels gr o wn o v er nightat37
o
C in E Gm ediu m(pH 7･5)with shaking w er e
diluted at1:1000with E Gm ediu m(pH 7.5), andgr o wnto an abs o rba n ce ofO･3･ Fo r
a cidadaptatio nperiods,the c ultu red c els w e r e s u spe nded in atw o
-foldv olu m e ofEG
m ediu m pH 5･5 andgr o w nwithoutshakingu nder c o nditio n s withthe s upplyof C O2 0 r
41
N2･ Co ntr ol e xpe rim e nts w er e added O･5 M gluta m ate a nd lysl n e. Whe n
statio n ary-pha s e c ells w er e adapted dir e ctly atpH 5･5, they w er e s u spe nded inE G
m ediu m ofpH 5･5 at a c ellde n sity of4×10
7 C F Upe r ml･ The c ellde n sity at an
abs orba n c e ofO･3 w a sapproxim ately 8X10
7 C F Uper ml. A ballo o n c o ntaining
appr o xim atelytw olite r sofga sw as c o nne ctedtothe c ultu r etube c o rltainingfiv e ml
ofEG m ediu m ･ W he ntw olite r s of N2ga s W e r epu mpedinto the balo o n, the
dia m ete r ofthe ballo o n e xte ndedto 15c m. T he gas volu m e w a s e stim ated
u sing this r e s ult. The c ell de n sity inc rea s ed to 8 x 1 0
7
CF Upe r ml(the
abs o rba n c e of 0.3) afte r appro xim atelyfわu rhin cubatio nfわr a cidadaptatio n
pe riods(Fig. 3), andthenthe c ulture wa s mix ed withE Gm ediu m ofpH 2.0 at1:1
witha r e s ulting pH of2.5 土0.1. Whe n c ellsgro w n atpH 7.5 w e redir e ctly challe nged
at pH 2.5, the pH ofthe mixtu r e w a s adju sted quicklyto pH 2.5. A 丘e r c ells w er e
in c ubated witho ut shaking u nder v ario u s c o nditio n sfo rthe indic atedtim e, they w e r e
plated o nL Baga rplates atpH 6･9･ Viable c els w er e c o u nted afterthe plate s w er e
in c ubated at 37
o
C fo r15-20 h. Thr e eto fo u r r ep titio n s w e r e c a rried o ut for e a ch
experim e血 .
P-gala cto sida s e a ctivity㌔
E. c olistr ains w er egr ow n at3 7
oC with vigo r o u sly shak ing o rintightly c apped
tube s withoutshak ing u singthefollo w lng m edia･ Whe nC O2 W a s S upplied,the cultu r e
tube w a s c o n n e cted witha rubberballo o nc o ntain ing C O2(Fig. 2). Mediu m M 65 5
c o ntain ed5 m M K2H PO4, 20m M N H4Cl, 0･1 m M CaCl2, 1 mM MgS O4, 0･1 m M
Peso., 1 % gluco s e, 60 m M lysin e, l% trypto n ea nd 60 m M 2
-(N - m o rpholino)
etha n e sulfo nic a cid m o n ohydr ate(M R S)60m M . Medium M 675a nd M 680w erethe
s a m e e x c ept that N -2-hydr o xyethylpiper azine
-N ' 12- etha n e sulfonic a cid(H EP E S)60
m M o rTricine60m M w as u s ed in ste ad of M E S･ Thehe mA m utarlt W asgr O W ninthe
4 2
pre s e n c eor absen c e of 80p g/m18- amin ole v ulinic a cid(A とA). Theβ-gala cto sidase
a ctivity of str ain s w a sha r v e sted in the mid-logarithmic phas e w a s m e as u r ed as
de s c ribedpr e vio u sly(43)･ En zym e a ctivity w as r epr e s erlted in M ille r u nits. Re age nts
u s ed w e r e ofa n alytic algr ade.
M e a s Ⅶr e m e nせ of a n mR NA Ic v c且 u sl ng r e V e rS eせr a n s c riptio n-polym e r a s e chain
●
r e a ctio n(汲T- PCR).
Cells w er e c ultu r edin minim al m ediu m(pH 5.5, pH 7.5) with, witho ut shaking a nd
witho ut shaking withthe C O2S upplyin m edia ofpH 5.5 a nd7.5, a nd har v e sted at the
mid-loga rithmicpha s e unde r v ario u sgr o wthc o ndito n s. Total R N Aw asis olated using
●
a R N Ais olatio nkit(BIO- RAD)andtreated withRQIRNas e- 丘e eD Na s e(Pr o m ega)to
r e m ove c o ntamin ating D N A･ RN Aw a s sto r edat -80
o
C･ R T-P C Rw a spe rfo r m ed u slng
a nR T-PCR kit(Toyobo, Os aka,Japa n). The a m o u nt ofatp w as c o ntr ole xperim e rltin
this study,the s a m e a m o u nt Ofatpa ndc adR N Aw as u s edto R T-P C Rr e a ctio n s.
Prim e rs w er e addedtothe r e a ctio nbuffer c o ntaining v ario u s a m o u nts ofR N Aandthe
mixtu r e w a sin c ubatedat30
o
C fo r10min, 42
0
cfor20m in,99
o
Cfor5 minandthe n
40c fo r5 min. Co nditio n sfo rP C Rcycle w er e94
o
Cfo rO･5 min,5 7
O
cfo rO･5 min and
720c fo r1 min
,
follo w ed byo n efi n ale xte n sio n step of3 min at72
0
c･ The a m ou rlt Of
thePCRpr odu ct obtain ed withthe c adprim er s(555a nd 556, Table2)w e r e a nlyzed
by1･5% aga r o s egelele ctr opboresis u s mgs a mple sin wbicbthe s a m e a m o Ⅷt oftbe
P C Rpr odu ct w as obtained withthe atp prim er s(553a nd554, Table2)･
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Itha sbe e ndeterminedthat thebacterialacidic r e sita n ce m echamis mis r egulatedby
four system sinclud ing o xidativ e, gluta m ate-depe nde nt, argln m e a ndlysine-depende nt
● ●
syste m s(12, 39)･ The s u r vival r ate s of adapted cells wer ehigher tha ntho se of
n on - adaptedc els(1 9). Ae r atio nin c r eas ed A Rin thepr es en c e of lysin e a nd arginin e,
butther e wa s n odiffer e n c ein the gluta m ate-depe nde nt A Rsyste m betw e e n a e r obic
a nda n a er obic c els(12). In additio n,itha sbe e n r eportedthat the RpoS-depe nde nt a cid
r e sista n c e syte mispr e s e ntin E c olia ndSalm o nella e nte ric a s e r o v a rTJPhim u riu m
Ⅶnde r a n a er obic c o nditio ns(6, 12,28).
Ourdata sugge steda n ov elide a c o ncer nlngthe AR syste m. When CO2 W as Supplied
●
toboth m edia ofpH 5.5 a nd2.5, the A RofE. c oliw as e nha n c ed, altho ughthegr o wth
r ate atpH 5.5 w asde c r e as edslightlybythe additio n of this ga s(Fig. 1). N o gr o wth
w as obs e r v ed u nde r al a cid challe nge c o nditio ns. Itis unlikelythtthis effe ct
w a sdu eto an a er obio sis with･the CO2 Supplybe c ause the s u r viv alr ate s w e r ehighe r
tha nthat withthe N2 S upply. The C O2 Supply w as m o re e飽 ctiv e whe nth is gas w a s
s up plied atthe adaptatio n stage, whilethe s u r viv al in c re a s ed o nly slightly with CO2
s up plied du ringthe a cidic chale nge･
The v olu m e of CO2ga Sintheballo o nde cr e as ed &o m ap pr o xim atelytw oLto
'
0･5
L a丑erfo u rh c ultu r e at pH 5･5 under ou r e xpe rim e ntal c o nditio n s, a nd
◆
a similar
de cr e a s einvolu m e w as obs er v edatpH 2.5, but the de cr e a s einthe m ediu m pH w as
le s stha nO･2pH u nits atbothpH 5･5 a nd 2･5･ Sinc e c arbo n atedissociatsto H C O3
-
a nd
H
'
,pKa v alu e sthis r e a ctio nis6･5,ho w e v e r,theinte r n alpH is e stim atedtobebetw e e n
舟o m 4.2to 4.7(26). So,itdidn ot ap pe arto c o ntributeto pI寸ho m e o stasis at e xtr e m e
a cide nvir onm erltS, a nd n odete ctable cha ngeinthe m ediu mpH w a s obs er v ed withthe
dis s olutio n ofC O2ina.bufe red a cidic m ediu m. T hega svolu m e of N2didn otde cr e as e
slgniflC a r[tly, a ndtheN2 Supplyhadn o slgnific a rlteqe Ct O nthe m ediu mpH･
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Anthe rqu e stio n w a s r ais ed abo ut the cell
'
sirlte r n alpH, whethe rthe C O2 S upply
incre ased internalpH ? The C O2 W as Pr odu c ed &o m a min o a cid de c arbo xyhtio n s, it
w a srepo rtedr e c e ntlythatgluta m ate a ndargl n ln ede c arbo xyla s e sin c re a s ed inte rn alpH
at e xte r n alpH 2･5,but theyindicatedthatr e v er s etr an s m e mbr a n epote ntial mightbe a
m o r eimpo rtantfa cto rto c o ntributeto A Rtha n a spe cificinte r n alpH v alu e(51).
Whe nthe A Rw as challe nged fo rdifferenttim eperiods, w efo u ndthat the re w as a
de c r e a s ein s u r viv al r ate betw e e non eh a ndtw oh, but the r ate de cr e a s ed slightly
betw e e ntw oh a ndthr e eh. Fi免e en to tw entyh inc ubatio n o nL Bplate s m ay n otbe
sufficientforthe r e covery ofs o m e s ub- injur ed c ells. Sin c ethe inc re a s einthe s u r viv al
r ate wa s n ot m a rked in the in c ubatio n for m o r etha n o n eday, the s u r viv al w早s
m e a s ur ed witho utc o u ntings u chs ub-inju r edc elsinthepr e s e ntstudy.
It r e m ainsto be cla rified ho w C olProte cts C ells against c ellde ath at e xtre m elo w
pH. C O2 is used m etabolic ally via carboxylatio n enzym e s and bio synthesis of
c a rba m oyl pho sphate, which.is e s s e ntial fo r n u cle otide synthesis. In fact, it w as
r epo rtedthatc arbo n ate w a s e ss e ntial fo rba cterialgr o wth(24,3 5), while ahigh le v el
ofC O2 r epr e ss edc arbo xylases a nd de c arbo xyla s e s(34)I E･ c oli ha s m ultiple c arbomic
a nhydr a s e s a ndthe s e e n zym e s were esse ntialforE. c oligr o wth(27,35).
Ba cterial a cidre sita n c eis one oftheimpo rtantfa ctorsfo rba cterialpathoge n e;is.
T he c o n c erltr atio n ofC O2 S uppliedinthis study w as muchhighe rtha nthelevelin air･
The CO2levelc an be argu edtobehigh inthe sto m a ch,be c aus ecarbo nateis s e creted
inthehu m a n e s ophagu s a nd 丘o mthe saliv ary gla nds(5), re s ultinginanin cr e as einthe
CO2le v el inthe sto m a ch. C O2is als o suppliedfr o mfo od a ndba cte ria. Fo r e x a mple,
Helicoba cter pylo ripr odu c e sCO2 &o m ur e a(15)･ Thu s, the effe ct ofC O2 0 n acid
r e sist an c e m aybe signiflC arlt inba cterialpathoge nesis･ In addito n, o u rdata m aybe
u s efu l fo rde v elopingba cterial fe r mentatio n a nd fo odpr e se rvation te chniqu e s at the
in dustrialle v el.
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Thepr e s e nt studyde m on str a土edthat the c ad oper o n e xpre ssio n w a s stim ulated by a
deficie n cy inthe r espir atory chain, e v e nifen oughairis s upplied･ T he deficiencyhad
n o slgniflC a nt effe ct o nthe e xpre s sio n when the air s upply w a s r estricted. Thu s,
o xyge nits elf is u nlikelyto r egulate the cad ope r o n e xpr e ssio ndir e ctly. It w a s als o
sho w ninthis studythat the c adoper o n w a sindu c ed byglu c o s eina cidic en vir o n m e nts
(Fig･ 5)･ Ho w ever, NaCla nd K Cldidnotindu c ethe c ad ope r o n e xpr e ssio nin a cidic
e n vir o n m erltS
, Sugge stingthat the efe ct ofglu co seis n otdu eto hyper o s m o sis. These
c o mpo u ndsrepr e s sedthe e xpr e ssio n at alkalin epH･ T his r e s ult m aybe r elatedwiththe
factthat the r e spir ato ry a ctivityis optim um atpH7to8(46).
Itha sbe e n ac c eptedfo r alo ngtim ethat the c o n v e rsio n ofe xtr a c ellularlysin eto
c adav erine n eutr alize s a cidic m edia
,
a ndthat m ediu m n e utr aliz atio nisthe majo r r ole
●
ofthis e n zym e. Anotherphysiologic alr ole w o uld bethat amino acid de ca r obxylas e s
s upply c arbo ndio xide (or c arbo n ate), a spr opo s ed pr e viously(60). C OB is u s ed
m etabolic ally via c a rbo xylatio n e n zym e s andbio synthe sis ofc arba m oylpho sphatethat
is ess e rltial fo r n u cle otide synthe sis. It w as sho w nthat c arbo n ate(24)and c arbo nic
a nhydr as e(2 7, 35)w e r e e ss e ntial fo rbacterialgr o wth. CO2is s upplied m ainly &o m
theT C Acycle c o upledwith re spir atio n u nde r a e r obicgr o wthc o nditio n s. Tw o m ole s of
c arbo ndioxide a r epr odu c ed &o m o n e m ole ofglu c o s ein etha n olfer m e rltatio n a ndn o
c a rbo ndio xideispr odu c ed inpyruv ate a ndla ctatefer merltatio n s. Sinc eE. c olte ngage s
inmix eda cid fer m e rltatio n
,
le s stha n2 m ole s ofc arbo ndio xideispr odu c ed 丘o m o n e
m ole ofglu c o s e u nde r a n a er obic gr o wth c o nditio n s. In c o rlt a St, 6 m ole s ofc arbo n
dio xide ar epr odu ced via o xidativ epho spho rylatio n u slng 6 m ole s of o xyge n･ The
r e spir atio n r ate w as appr o xim ately 2 0 n m ole s ofo xyge nper min pe r mg c ellular
pr oteinwhe ngluc o s e w a s u s ed a s a n e n ergys o u rc e(46)･ Carbo ndioxide is again
s up plied &o m air unde r a er atio n･ T her efor e, the CO2 S upply c o uld belimited u nder
a n a er obic gr o wth c o ndito n s, be c a u s ethe C O2 S uPPly 丘o mbothair and its m etabolic
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pr odu ctio n arelimited･ Our pr es e nt studyde m o n str atedtha;I c arbo ndioxide r epr e s s ed
the c ad oper o n e xpres sio ninstanding cultu re(Fig. 6 a nd 9). The m ediu mle v el of
c a fbo n ate de cr ea s e s at lo w pH, while the ge n e e n c odinglysln ede c a rbo xyla s e w a s
expr es s edatlo wpH(Fig. 6)(41,63).
Thede c r e as einthe c ad operon e xpr e ssio n with the C O2 S upply w a sle s stha n50% ･
Ifthe e xpre ssionisr egulatedbyc a rbo ndio xide, theinhibitio n c o uldbe m u chstro nger.
E
･
c oli hasthe s e c o ndlysin ede c arbo xyla s e(3 2). When the s e c o nde n zym e wasdeleted
in addito nto the c ad ope r o n, the do uble m uta nt stillc o n v e rtd lysin ein an acidic
m ediu m (data n ot sho w n). Other a min o a cid de c arboxylas e s su ch as gluta m ate
de c arbo xyla s e m aypr odu c e c arbondio xidein mediu m c o ntainingtrypto n e･ Ther efわr?,
ii c a nbe a rgu edthat the c ad oper o n e xpr e s sio n c o uld be m u ch highertha nthat
obs er v ed inthis studyifn o c arbo ndio xide w as s upplied.
Ithasbe e n sho w nthatthe r egulatio n ofthe c adoper o n e xpre ssio nis c o mple x. T he
c o mple xity mightbe du eto the fact that the dir e ct fa ctor r egulatingthe e xpr e sio n
r e m ain s u n cle ar. Our pr e s e ntdatade m o n str atedthat r espiratory activity a nd gluc o s e
fer m e ntatio n w er e sho w nto be inv olv ed in the r egulatio n. The s efa cto rs affe ct the
pr odu ctio n ofc arbo ndio xide. Carbo ndio xide(this study)a ndc a rbo n ate(60)redふced
the e xpr e s sio n. The s edata s uppo rt the m e cha nis m the e xpr e s sio n ofthe c ad ope r o n
depe nds o n r e spir atio n a ndsuga r m e cha nis min whichaffe ct thepr odu ctio n ofc arbo n
dio xide.
This study pr o videde vide n c ethatIH Fa ndH Ur egulatepo sitiv elythe e xpr es sio n of
the cad operon. Itha sbe e nkn o w nthatIH F in du c e the e xpr e ssio n ofadiA(arginine
da c arbo xyla s e)at a cidicpH(53). IH Fpo sitiv ely regulatedthe e xpr es sio n ofthe c ad
oper o nunde r a ny gr o wthc o nditio n ste sted(Fig･ 12), Espe cially, the m utatio n ofthe
himD de cr e as edP-gala cto sida s e a ctivity dr a m atic ally atpH 5･5(Fig･ 12 A), and n o
signific a nt e xpre s sion w a s obs er v ed at alkaline pH(Fig･ 12B)･ Thedeletio n of himA
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dec r e a s edthe c ad oper o n e xpr es sio n slightly unde r stand ing gr o wthc o ndit o n a土both
acidic and alkalin epH v alu e s(Fig･ 12 A),indic ating HimD alo n e c a n stim ulate
.
the
e xpres sio n･ Theβ-gala cto sida s e a ctivity ofhimA m uta rlt W aSfurthe rde cr e a s ed bythe
additio n of C O2 u nde rboth acidic a ndalkalin e c o nd辻io n s. IH Fm ayha v e s o m e r olein
CO2-depe nde nt regulatio n ofthe cad oper o n e xpre s sio n･ It haskn o w nthat IH F
po sitiv ely r eguhtedthe e xpr e s sio n of m a ny genes, partic ula rly ge ne sfo r an aer obic
syste m s s u ch a sPjl, tdc a nd n a r ope ron(49, 56). 1tislikelythatI H Fmightinduc e
syste m s r equir edu nde r an a erobic co nditio n sin cludingthe cadoper o n. Sin ceIH Fals o
indu c ethe expr es sio nofadiA(53).
HupB w a s sho w nto r egulatepo sitiv elythe e xpre ssio n ofthe c ad oper o n(Fig･ 13.)･
T his r eguhto ry m a n n e r w a s similartothat ofH imA. It w as r epo rtedpr e vio u slythat
the histon e-like pr otein s m F a nd HU ha v efun ctio n al similarity a nd that o n e
c o mpe n s ate sfo rla ck ofthe otherin norm al c ell gr o wth(65). To inv e stigate this
c o mpe n s atio n r egulatio n, w e.c o n stru cted ahimA-hupB m utarlt, but the gr o wth ofthis
m uta nt w a s slo wlyin minim al m ediu m ofpH 5.5, wher e asthere w as n o appa re nt
differ e n c ein gr o wthr ates ofthe eitherIH Fo rH Um utarlt under v ario u s c o nditio n s
(data n otsho w n). IHFa ndHU m aybeha v e c o mpe n s atethe fun ction to e xpr es sth;c ad
ope r o n丘o mthedata ofFig･ 12
- Fig･ 16･ Thegr o wthatlo wpH w as r e c o v e r edbythe
addition of100 m M K Clo r4 % glu c o s e(appr o xim ately2 20m M). We als ofou ndthat
both SLlllOa ndY K 4 124str ains c o uldn
'
tgr o wth inY Tm ediu m atpH 5･5(Fig･ 14 A),
●
but n o effe ct w asfo u nd at pH 7.5(Fig. 14 B)sugge stingthat a high o s m olarityis
r equir ed fo rthe gr o wth of this muta nt at a cidic pH, altho ughthe re aso n r e m ain s
u n cle ar. Ther efo r e,P- gala cto sidas e a ctivityofthehimA -hupB m uta nt w as m e a su r ed in
c ellsgr o w n100m M K Cl. Nodete ctableP-gala cto sida s e a ctivity w as obs e r v ed insu ch
c ells. T hu s
,
w e s ugge stedthatIH Fa nd H Ur egulated 血e ctlythe e xpre s sio n ofthe c ad
OperOn･
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Ou r r es ults sho w edthat the e xpr e ssio nthe c adoper o n r equir e slrp, rpoS o r crp ge n e
only u nde r a er obic e n vir o n m e nts ofhigh pH (Fig. 18 A). But, the s e c o nd lysine
de c arboxyla s e(ldc)expr essio n w a sin du c ed RpoS at statio n ary pha se u nder a er obic
c o ndito n s(32), the m e cha nis m ha s n't kn o w n, and the deletio n de cr e a s ed gadA
e xpr e s sio n at a cidic pH (6). Why do the global r egulato r sLrp, RpoS a nd CR P
po sitiv elyr egulatethe c ad operon under a erobicgr owthc o ndit o n s at alk alin epH?Itis
pos siblethat thesegenes r egulatethe expr e ssio n ofthe c adope r o ndir e ctly u nder s u ch
c o ndito n s. The s e r egulato r s c o ntr oled the e xpr e ssio n of n u m e r o u sge n e sthat
pa rticipateinfe r m e ntatio n(30). Ho w e v e r, H - NSs uppr e s s edthe e xpr e s sio n ofthe c ad
ope r o n at pH 8.0 u nder a n a er obic c o nditio n s, tho ugh it w a s s ugge sted that this
s up pr e s sio n m e cha nis m may be effe ct on DNA c o nfo r m atio n, the m e cha nis m of
H - N S's r egulatio nis n otquite cle ar n o w.
In addito n
,
the c rp m utarlt e xpre s sedthe c ad operon at a higherle v el inm edia
witho utglu c o s e u nder a e r obic c o nditio n s･ Itis w ell kn o wthatC R P is n volvedinthe
r egulatio nofs uga rfe r m e ntatio n, c o n c r etely,it w aspr opo s edthatglu c o s e m ayinhibit
thetr a n s criptio n ofc rp, and m any ofge n e s(gat, glp, mgl, ltd, m al, andire)sho w ed
re sidu alglu c o s e r ep ssio ninthe crp mutarlt(23). Itislikelythat m o st ofthe carbo n
m etabolic gen es s ubje ctedto c atabolite c o ntr olshow ed r e spo nse sto glu c o s e a ndthe
lo s s ofC R P(23, 31). C O2ispr odu c edathigh lev el inre spiringcellstha nfer m e rrting
c ells. It w a s sho w nthat the c adoper o n e xpr e s sio nis r egulated by C O2･ Bas ed o nthis
ide a, CR P might r egulate indir e ctly the c ad oper o n e xpr e ssio n via the cha nge in
fe r m e rltatio n a ctivitythat a飽ctspr odu ctio no r c o n s u mptio n ofc arbo ndio xide･
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It w a spr opo s edthat amin e sproduced by a mino a cid de c a rbo xylatio nin c r e a s ethe
inte r n al a nd / o r e xte r n alpH andthis pH incr e as eindu c ed the A R. Ho w e v e r, C O2
decrea sedthe e xpre s sio n ofthelysin ede c arbo xyla sebutitindu c edthe A R. A le v elof
gluta m atede c arbo xyla s e w a s al olo w whe nC O2 W as S upplied(unpublishedobs er v atio n).
The s e r e s ults m akeitle sslikelythat aminesindu c edthe A R. CO2, anotherpr odu ct of
amin o a cid de c a rbo xylatio n, greatly in cr e as ed the A R of E. c oli. T he r efor e, COL
dependentsyste m r athertha n a mine m ayindu c e stheA R, but n o amin espa rticipateinthe
A R. Sin c e c arbo n ateis s e c r eted inthe hu m a n e s ophagu s a nd 舟o mthe s aliv ary,the eHe ct
of C ol0 n a cidr esitan c e m aybe slgniflC a rlt forba cte rialpathoge n e si .
IHF and H Uregulatethe e xpres sio n ofthe c ad operon and both co mpe n s atede achother.
The do uble m utant gre w v ery slo wly u nder a cidic conditions. Thes e r es ult ha v e
s ugge stedthat both globalr egulator占IH Fand H Uplay a nindispen s able r ole forthe
su rviv alunder e xtre m e a cidic c o nditio n viathe r egulatio n ofthe e xpre ssio n ofthe amin o
aciddecarboxylas esfun ctio n lng at a CidicpH in E. c oli.
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Table1･ Ba cte rialstrain s u s ed inthis study
Strain s Rele v a ntge n otype, phe n otype, o rde s c ription So u r c e s a ndr efe r e n c e
W 3110 K 12wi 1dtype
pop6810 K 12 A(la c-pr o)a r am alBA I O7gyrA
M E 8366
MT ll
(1994)
H R l
B E I
E F 36 2
EF 52 8
SL 1102
S L llO3
S L llO4
Y K 2 920
Y K 13 40
Y K 2 741
Y K 4124
Y K 4275
S L llO5
SLllO7
S L llO9
SL l110
SL l111
A he mA 30::Tnl O(Tet
r
)
pop6810 め(c adB-la c句(Km
r
)
M Tl1 A he mA 30::Tnl O(Tetr)
W 3110 lrp201::TnlO(Tet
r
)
K 12rpoS::Tnl 0(Tet
r
)
K 12crp:: c at(Cmr)
M T l1lrp201::TnlO(Tet
r
)
M T l1rpoS::TnlO(Tet
r
)
M T llc rp:: c at(Cm
r)
Labo r atory sto ck
Labor atorysto ck
Natio n alIn stitute ofge n etic s,Japa n
Takayam a et al.
This study, M T llxP l(M E 8366)
Ern stingetal.(1992)
Castanie- Co rn etetal.(1999)
Casta nie- Co r n etetal.L(1999)
This study, M T llxPl(B E 21)
T his study, M TllxPl(E F3 62)
This study, M T llxP l(E F 528)
Y K l100 ¢82himA:.･Tnl O(Tet
r
)A 3himD:: c at(Cm r)
Y K l100hupA16::km
rhupBll:: cbt(Cm
r
)
Y K l100hupA 16::km
r
hupBll
･
.: c at(Cm
r
)
A82himA::TnlO(Tet)
Y K l10 0 hn s::ph(Hy
r
)
Y K llOOA 82himA::Tnl 0(Tet
r
)hupBll::cat(CmT)
M T l1 ¢82himA::Tnl 0(Tetり
M T ll A3himD:: c at(Cm
r
)
M T ll hupB l::c at(Cm
r
)
M T l1 A82himA::Tnl O(Tet)hupBll:: c at(Cm
r
)
M T llhn s::kph(Hy
r
)
Ya s u z a w a etal.(19 92)
Yas u z a w a etal.(1992)
Yas u z a w a etal.(1992)
Yasu z a w a etal.(1992)
Yas u z aw a etal.(1992)
This study, M T llxP l(Y琴29.2 0)
This study, M T lxP l(Y E S?20)
This study, M T llxP l(YK 13 4P)
T his study, M TllxP l(Y K 2741)
This study, MTllxP l(Y K 412 4)
sL ll12 W 3 11 0A 82him ::TnlO(Tet
r
)hupB ll:: c at(Cm
r)T his study, W 3 110xP l(Y K 4275)
Km
r
,
Ka n a mycln-r e sistant; Tet
r
,
Tetr a cycline-r e sista nt･ Cm
r
, Chlo r a mphe nic ol-r e sitar[t; Hy
r
,
●
hygr omyc 帆.
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Table2. Prim ers u s ed inthis study
Prim er Sequ e n c e Po sitio n
553 AC C GAG T GA A ACTG GT T TGG
554 G CT O A rC GT TAC G TG･G G T T T
555 G G AGG A G CCT C GA A A År A C
556 GA T CG GGCT A TTG C CTGTA
543 G G A TGGGC G TA T T T C T A A C G
544 T T TOC A CT G T TCCGT G T T T A
545 T G AGACTG G C CT TT C TGA C A
546 A CGG O T A G G AGC C A C C T T A r
547 AA AC A G A CC GACTCTC GAA
54 8 T A A A C G A C G ÅrG T T TA C C G
54 9 C T C T T C G A C A G T G A A A A ¢A A A A A
550 A GG CAr TAAA A G A G C GA r TC C
551 G År T G C A G O T T T CGT C C TGT
552 C CGACAG GTGC T T T T C T C T C
553 G G C T G G C C T G A T A TA AC G C
554 ACTGTGT ÅCC T C A C GA A C G
55 T G GCG G G ÅrT T TÅAG C A A G T
55 6 T G C A C A A C T G A A r T T A A GGC T C T
＋604- ＋623(atpB)
＋321- ＋34 0(atpD
-26- - 7(c adβ)
＋1297- ＋13 16(cadB)
＋74- ＋93(lrp)
＋505 - ＋5 25(lrp)
･30- -ll(rpoS)
＋990- ＋1009(rpoS)
-20- -1(c rp)･
＋598- ＋618(crp)
-55- -33(himA)
＋425- ＋445(himA)
-107 - -88(himD)
＋3 06- ＋325(himD)
-79- -60(hupB)
＋417- ＋43 7(hupB)
-35- -16(hn s)
＋461- ＋4 83(hns)
Thetr an slatio n alinitiat o n site ofe a chge n eistake n a s1.
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Table 3･ Effe ct ofc a rbo ndio xide o n s u r viv al du ring acidchalle nge for v a rio u stim e
periods.
A d叩tatio n
c o nditio n s
Acidchalle nge
c o nd 祉io n s
Su r viv alr ate(%)j=S D
a洗e r a cidchalle ngefo r
lb 2 b 3 b
with C O2 WithC O2 94土 17 21j=1 15土 5
withN2 WithN2 50土3 9.0土3.9 6.0土2.4
2 fo且d 2.3 fold 2.5 fold
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